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General information
All reagents and solvents were purchased from commercial sources and were used as received unless otherwise stated.
Reagent grade solvents (acetonitrile, DMF, methanol, and toluene) were distilled prior to use, with the exception of tetrahydrofuran (dehydrated, Kanto Chemical Co., Inc.). Reactions were monitored by thin layer chromatography (TLC) (silica gel 60 F 254 , 0.25 mm) analysis. Flash column chromatography was performed on flash silica gel 60N (spherical neutral, particle size 40−50 μm). HPLC analyses were conducted with a UV detector and a chiral column (4.6 mm × 250 mm). 1 H, 13 C, and 31 P NMR spectroscopy carried out in CDCl 3 at ambient temperature on a 400 or 500 MHz NMR spectrometer (400 or 500 MHz for 1 H NMR, 100 or 125 MHz for 13 C NMR, and 202 MHz for 31 P NMR). Chemical shifts were reported in parts per million (ppm) relative to tetramethylsilane (δ 0.00 ppm) or CDCl 3 (δ 7.26 ppm) for 1 H NMR and CDCl 3 (δ 77.0 ppm) for 13 C NMR. Coupling constants were reported as J values in Hertz (Hz). Splitting patterns are designated as s (singlet), d (doublet), t (triplet), dd (double doublet), ddd (doublet of doublet of doublets), br (broad), and m (multiplet). Infrared (IR) spectra of neat samples were recorded in ATR (attenuated total reflectance) mode using an FT-IR instrument. High-resolution mass spectrometry (HRMS) was carried out on an ESI-TOF spectrometer. Optical rotations were measured with a polarimeter using a 0.5 dm cell. CD measurements were performed on a spectropolarimeter with an optical path length of 1.0 mm.
Preparation of compounds L1 and L2

4-(2-Bromophenyl)-1,2-dihydrophenanthrene-3-carbaldehyde (5)
A suspension of 4-chloro-3-formyl-1,2-dihydrophenanthrene 3 (121 mg, 0.50 mmol), 2-bromophenylboronic acid 4 (200 mg, 1.00 mmol), tetrebytylammonium bromide (322 mg, 1.00 mmol), Pd(OAc) 2 (5.6 mg, 5 mol %) and K 2 CO 3 (276 mg, 2.00 mmol) in 1.25 mL of degassed toluene/water mixture (4:1) was stirred at 60 °C under an argon atmosphere for 1 h.
The organic layers were combined, washed with water and brine, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by flash column chromatography on silica gel eluting with hexane−EtOAc (95:5) to afford 5 (162 mg, 89%) as a pale yellow solid. mp = 125−128 °C; IR (neat, cm −1 ) 2936, 1655, 1360, 1254, 1206, 1055, 1033, 826, 739, 667, 655 9, 152.2, 140.5, 139.3, 136.4, 133.8, 133.5, 132.5, 131.5, 131.0, 130.5, 130.0, 128.9, 127.4, 126.3, 126.2, 124.8, 124.7, 124.3, 30.0, 19.9; HRMS (ESI, Pos) 
10-Bromo-3,4-dihydrodibenzo[c,g]phenanthrene (6)
To a stirred suspension of compound 5 (1.1 g, 3.03 mmol) and K 2 CO 3 (781 mg, 5.65 mmol) in 30 mL of MeOH−THF (2:3) was added a solution of Ohira−Bestmann reagent (diethyl (1-diazo-2-oxopropyl)phosphonate) (1.0 g, 4.54 mmol) in MeOH (5.4 mL) under an argon atmosphere at 0 °C. The reaction mixture was allowed to warm to room temperature and stirred overnight at the same temperature. After removing the MeOH under reduced pressure, the residue was diluted with EtOAc and washed with water and brine, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was dried in vacuo for 1 h, and then subjected to the next reaction without further purification. The residue was S3 dissolved in toluene (15 mL) and PtCl 2 (40 mg, 0.15 mmol) was added to this solution under an argon atmosphere at room temperature. The mixture was heated at 120 °C for 1 h. After cooling to room temperature, the solvent was evaporated and the residue was purified by flash column chromatography on silica gel with hexane−CH 2 Cl 2 (98:2) to afford 6 (574 mg, 53%) as a pale yellow solid. 4, 136.0, 134.8, 132.8, 132.5, 132.2, 132.0, 131.1, 131.0, 128.3, 128.2, 127.7, 127.5, 126.4, 125.8, 125.5, 125.2, 124.5, 123.8, 120.3, 31.0, 30.6 To a solution of 6 (359 mg, 1.00 mmol) in THF (12 mL) was added a solution of sec-BuLi (1.9 mL, 1.5 mmol, 0.78 M in cyclohexane/hexane) under an argon atmosphere at -78 °C over 5 min. The solution color was turned to dark green from orange by addition of sec-BuLi. The reaction mixture was stirred for 20 min, and then added a solution of freshly distilled chlorodiphenylphosphine (662 mg, 0.5 mL, 3.00 mmol) in THF (3.0 mL) at the same temperature. The reaction mixture was stirred for warmed to 0 °C over 6 h. The reaction was quenched with 30% H 2 O 2 (170 mg, 0.56 mL, 5 mmol) at 0 °C and stirred at room temperature for 2 h. The reaction mixture was diluted with H 2 O and extracted with EtOAc. The organic layers were combined; washed with saturated aqueous Na 2 S 2 O 3 and brine; dried over MgSO 4 ; filtered; and concentrated under reduced pressure. CH 2 Cl 2 was then added to the crude mixture, and less soluble product was removed by filtration. After removal of the solvent under reduced pressure, the crude product was purified by flash column chromatography on silica gel with hexane−EtOAc (50:50) to afford 7 (304 mg, 63%) as a yellow foam. mp: 230−234 °C; IR (neat, cm −1 ) 2937, 2746, 1437, 1219, 913, 772, 672, 657; 1 HNMR (500 MHz, CDCl 3 ) : δ 8.06 (m, 1H), 7.85 (dd, J = 8.0, 1.9 Hz, 1H), 7.72 (d, J = 7.2, 1H), 7.69 (d, J = 7.34 MHz, 1H), 7.53−7.48 (m, 2H), 7.41−7.37 (m, 1H), 7.27−7.21 (m, 5H), 7.14 (d, J = 8.1 Hz, 1H), 7. 4H), 7.02 (ddd, J = 8.5, 6.7, 1.4 Hz, 1H), 3H), 2.78 (ddd, J = 15.8, 4.6, 1.9 Hz, 1H), 2.56 (ddd, 15.6, 15.6, 4.3 Hz, 1H) , 2.48 (ddd, J = 14.1, 4.4, 1.8 Hz, 1H), 2.23 (ddd, J = 15.2, 15.2, 5.0 Hz, 1H); 13 C NMR (125 MHz, CDCl 3 ) : δ 141. 7, 138.1, 138.0, 137.9, 136.2, 135.9, 135.4, 135.1, 133.6, 132.92, 132.86, 132.8, 132.6, 131.0, 130.96, 130.8, 130.28, 130.26, 130.2, 130.1, 130.0, 129.2, 128.6, 128.4, 128.2, 128.0, 127.9, 127.8, 127.6, 127.5, 126.5, 125.4, 125.3, 125.2, 124.4, 123.2, 123.1, 30.5, 30 .1 (observed complexity due to C-P 
Resolution of 7 with (S,S)-spiro-TADDOL [(+)-8]
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A mixture of rac-7 (100 mg, 0.21 mmol) and (+)-8 (63 mg, 0.13 mmol) in CH 3 CN (6.9 mL, 0.03 M) was heated at 80 °C for several minutes. The resulting solution was allowed to cool to room temperature gradually, whereupon a pale yellow precipitate appeared. The resulting precipitate was collected by filtration and washed with CH 3 CN and then dissolved in hexane−EtOAc (1:1). The solution was purified by flash column chromatography on silica gel with hexane−EtOAc (1:1)
to afford (P)-(+)-7 as a pale yellow solid (39 mg, 39%, 94% ee). The mother liquor was concentrated under reduced pressure and purified by flash column chromatography on silica gel with hexane−EtOAc (1:1) to afford (M)-(−)-7 (61 mg, 61%, 69% ee). Phosphine oxide (M)-(−)-7 was further purified by recrystallization from hot CH 3 CN (1.3 mL, 0.1 M).
The precipitate was collected by filtration and purified by flash column chromatography on silica gel with hexane−EtOAc (1:1) to afford rac-7 as a pale yellow solid (16 mg). The mother liquor was concentrated under reduced pressure and purified over silica gel to give (M)-(−)-7 (45 mg, >99% ee).
Resolution of 3 with (R,R)-spiro-TADDOL [(−)-8]
A mixture of rac-7 (100 mg, 0.21 mmol) and (−)-8 (65 mg, 0.13 mmol) in CH 3 CN (7.0 mL, 0.03 M) was heated at 80 °C for several minutes. The resulting solution was allowed to cool to room temperature gradually, whereupon a pale yellow precipitate appeared. The resulting precipitate was collected by filtration and washed with CH 3 CN and then dissolved in hexane−EtOAc (1:1). The solution was purified by flash column chromatography on silica gel with hexane−EtOAc (1:1)
to afford (M)-(−)-7 as a pale yellow solid (44 mg, 44%, 91% ee). The mother liquor was concentrated under reduced pressure and purified by flash column chromatography on silica gel with hexane−EtOAc (1:1) to afford (P)-(+)-7 (55 mg, 54%, 58% ee). Phosphine oxide (P)-(+)-7 was further purified by recrystallization from hot CH 3 CN (1.4 mL, 0.1 M). The precipitate was collected by filtration and purified by flash column chromatography on silica gel with hexane−EtOAc
(1:1) to afford rac-7 as a pale yellow solid (16 mg). The mother liquor was concentrated under reduced pressure and purified over silica gel to give (P)-(+)-7 (36 mg, >99% ee).
(3,4-Dihydrodibenzo[c,g]phenanthren-10-yl)diphenylphosphine ((P)-L1)
Triphenyl phosphite (189 mg, 1.14 mmol) and HSiCl 3 (464 mg, 3.43 mmol) was added to a solution of (P)-7 (55 mg, 99% ee, 0.11 mmol) in 1.1 mL of toluene−THF (1:1) under an argon atmosphere. The mixture was heated at 100 °C for 24 h. After cooled to 0 °C, the mixture was diluted with Et 2 O and added 1M NaOH solution. The resulting mixture was filtered through celite, and washed with water and brine, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by flash column chromatography on silica gel eluting with degassed hexane−EtOAc 138.2, 138.0, 137.9, 137.8, 137.7, 136.9, 136.7, 134.1, 133.9, 133.8, 133.7, 133.5, 133.12, 133.09, 133.0, 132.91, 132.86, 132.72, 132.70, 132.40, 132.36, 131.59, 131.57, 129.1, 128.5, 128.04, 127.99, 127.9, 127.8, 127.5, 127.4, 125.7, 125.6, 125.5, 124.51, 124.48, 124.20, 124.16, 30.6, 30.3 (observed complexity 
Dibenzo[c,g]phenanthren-10-yldiphenylphosphine oxide (9)
A solution of (P)-7 (48 mg, 0.10 mmol) and DDQ (45 mg, 0.20 mmol) in toluene (0.5 mL) was stirred at 90 °C under an argon atmosphere for 9 h. The reaction flask was covered with foil to shield from light. After cooled to room temperature, formed precipitate was removed by filtration using celite and filter cake was washed with toluene thoroughly. 136.6, 133.3, 132.4, 131.6, 131.1, 130.7, 130.22, 130.16, 129,7, 129.4, 129.1, 128.74, 128.67, 128.6, 128.0, 127.6, 127.5, 127.4, 126.9, 126.8, 126.6, 125.6, 125.5, 125.2, 125.1, 124.4, 127.8, 127.6, 127.5, 126.5, 125.4, 125.3, 125.2, 124.4, 123.2, 123 .1 (observed complexity due to C-P couplings); 31 
Dibenzo[c,g]phenanthren-10-yldiphenylphosphane ((P)-L2)
Triethyl phosphite (52 mg, 0.31 mmol) and HSiCl 3 (423 mg, 3.12 mmol) was added to a solution of (P)-9 (30 mg, 99% ee, 0.06 mmol) in 0.8 mL of toluene−THF (1:1) under an argon atmosphere. The reaction flask was covered with foil to shield from light and stirred 100 °C for 25 h. After cooled to 0 °C, the mixture was diluted with Et 2 O and added 1M NaOH solution. The resulting mixture was filtered through celite, and washed with water and brine, dried over MgSO 4 , filtered, and concentrated under reduced pressure. The residue was purified by flash column chromatography on silica gel eluting with degassed hexane−EtAc (98:2) to afford (P)-L2 (20 mg, 70%, 99% ee) as a pale yellow solid. mp = 202−208 °C; IR (neat, cm −1
) 1479, 1434, 1262, 1215, 1092, 1027, 908, 838, 793, 763, 744, 696 4, 138.2, 137.9, 137.7, 137.6, 137.5, 134.5, 134.3, 134.0, 133.9, 132.7, 132.44, 132.41, 132.37, 132.34, 132.26, 132.25, 132.2, 132.0, 130.7, 128.6, 128.5, 128.3, 128.21, 128.20, 128.0, 127.7, 127.6, 127.5, 127.3, 127.2, 127.1, 126.8, 126.79, 126.0, 125.96, 125.9, 125.8, 125.7, 125.5, 125.3, 125 .2 (observed complexity due to C-P The reaction was conducted according to general procedure using 11 (33 mg) and indole (35 mg 
Asymmetric allylic etherification (Figure 1c) (S,E)-(3-(Benzyloxy)prop-1-ene-1,3-diyl)dibenzene (14a)
The reaction was conducted according to general procedure using 11 (38 mg) and benzyl alcohol (49 mg HPLC analysis (CHIRALCEL OD-H column, flow rate 0.7 mL/min, hexane−i-PrOH (98:2), λ = 254 nm). The 1 H NMR spectral data were matched with the literature data.
(S,E)-(3-methoxyprop-1-ene-1,3-diyl)dibenzene (14b)
The reaction was conducted according to general procedure using 11 (38 mg) and methanol (14 mg). Flash column chromatography with hexane−EtOAc (95:5) afforded 14b (27 mg, 80%) as a clear oil. 
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HPLC analysis (CHIRALCEL OD-H column, flow rate 1.0 mL/min, hexane−i-PrOH (98:2), λ = 254 nm). The 1 H NMR spectral data were matched with the literature data.
(S,E)-(3-Ethoxyprop-1-ene-1,3-diyl)dibenzene (14c)
The reaction was conducted according to general procedure using 11 ( 
Asymmetric Suzuki-Miyaura coupling (Figure 6)
Diisopropyl (1-(o-tolyl)naphthalen-2-yl)phosphonate (17aa)
The reaction was conducted according to general procedure using 15a (37 mg) and 16a (27 mg). Flash column chromatography with hexane−EtOAc (7:3) afforded 17aa as a pale yellow oil. IR (neat, cm −1 ) 2977, 1559, 1489, 1453, 1384, 1373, 1243, 1171, 1141, 1107, 1006, 981, 890, 824, 756, 728 7, 144.6, 138.09, 138.05, 137.7, 134.89, 134.87, 132.6, 132.4, 130.9, 129.2, 128.2, 128.1, 128.0, 127.8, 127.6, 127.2, 127.1, 127.0, 126.9, 126.6, 125.4, 124.7, 70.54, 70.49, 70.3, 70.2, 24.1, 24.02, 23.96, 23.9, 23.83, 23.79, 23.52, 23.48, 20 .1 (observed complexity due to C-P couplings); 
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Dimethyl (1-(o-tolyl)naphthalen-2-yl)phosphonate (17ba)
The reaction was conducted according to general procedure using 15b (33 mg) and 16a (27 mg). The 1 H NMR spectral data were matched with the literature data.
6
Dibutyl (1-(o-tolyl)naphthalen-2-yl)phosphonate (17ca)
The reaction was conducted according to general procedure using 15c (40 mg) and 16a (27 mg). 9, 144.8, 137.9, 137.6, 134.97, 134.95, 132.5, 132.4, 130.6, 129.3, 128.33, 128,25, 127.99, 127.96, 127.7, 127.3, 127.2, 127.1, 126.7, 125.8, 124.9, 65.62, 65.57, 65.52, 65.47, 32.50, 32.45, 32.42, 32.37, 18.8, 18.7, 13 .6 (observed complexity due to C-P 
Diphenyl (1-(o-tolyl)naphthalen-2-yl)phosphonate (17da)
The reaction was conducted according to general procedure using 15d (44 mg) and 16a (27 mg). Flash column chromatography with hexane−EtOAc (7:3) afforded 17da as a pale yellow oil. 
Diisopropyl (1-(2,4-dimethylphenyl)naphthalen-2-yl)phosphonate (17ab)
The reaction was conducted according to general procedure using 15a (37 mg) and 16b (30 mg). Flash column chromatography with hexane−EtOAc (7:3) afforded 17ab as a pale yellow oil. IR (neat, cm −1 ) 2976, 2918, 1739, 1498, 1453, 1374, 1241, 1175, 1141, 1106, 1006, 981, 889, 824, 770, 749 94, 144.86, 137.4, 137.3, 135.09, 135.05, 134.87, 134.85, 132.8, 132.7, 130.8, 130.0, 128.2, 128.1, 127.9, 127.6, 127.2, 126.9, 126.5, 125.4, 70.5, 70.4, 70.3, 70.2, 24.1, 24.04, 23.96, 23.92, 23.81, 6 HPLC analysis (CHIRALCEL OD-H column, flow rate 0.3 mL/min, hexane−i-PrOH (99:1), λ = 254 nm).
Diisopropyl (1-(2,5-dimethylphenyl)naphthalen-2-yl)phosphonate (17ac)
The reaction was conducted according to general procedure using 15a (37 mg) and 16c (30 mg). Flash column chromatography with hexane−EtOAc (7:3) afforded 17ac as a pale yellow oil. IR (neat, cm −1 ) 2978, 2367, 2341, 1789, 1499, 1456, 1373, 1234, 1167, 1141, 1107, 1012, 985, 909, 823, 9, 144.8, 137.9, 137.8, 134.88, 134.86, 133.7, 132.6, 132.4, 131.7, 129.1, 128.4, 128.3, 128.2, 127.9, 127.6, 127.2, 127.0, 126.9, 126.8, 126.5, 125.3, 70.44, 70.40, 70.14, 70.08, 24.08, 24 CHCl 3 ); HPLC analysis (CHIRALCEL OD-H column, flow rate 0.5 mL/min, hexane−i-PrOH (99:1), λ = 254 nm).
Diisopropyl(1-(4-chloro-2-methylphenyl)naphthalen-2-yl)phosphonate (17ad)
The reaction was conducted for according to general procedure using 15ad (37 mg) and 16d (34 mg 143.15 , 139.9, 136.7, 134.9, 133.5, 132.2, 129.2, 128.12, 128.09, 128.0, 127.8, 127.5, 127.4, 126.9, 126.8, 124.9, 70.73, 70.68, 70.5, 70.4, 24.1, 24.03, 23.97, 23.9, 23.83, 23.80, 23.54, 23.50, 20.0 (observed complexity due to C-P couplings); 31 P NMR ( 
Diisopropyl(1-(4-methoxy-2-methylphenyl)naphthalen-2-yl)phosphonate (17ae)
The reaction was conducted according to general procedure using 15a (37 mg) and 16e (33 mg). Flash column chromatography with hexane−EtOAc (7:3) afforded 17ae as a pale yellow oil. IR (neat, cm −1 ) 2981, 1739, 1608, 1497, 1465, 1373, 1239, 1163, 1141, 1106, 1006, 982, 913, 889, 823, 748, 733 144.6, 144.5, 139.2, 134.91, 134.88, 133.1, 133.0, 131.9, 130.50, 130.46, 128.2, 128.1, 127.9, 127.5, 127.1, 127.0, 126.6, 125.9, 114.8, 109.9, 70.5, 70.4, 70.3, 70.2, 24.10, 24.07, 23.99, 23.95, 23.9, 23.8, 23.7, 23.6, 20.4 
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CHCl 3 ); HPLC analysis (CHIRAL ART Amylose-SA column, flow rate 0.5 mL/min, hexane−i-PrOH (97:3), λ = 254 nm).
Diisopropyl (1-(2-ethylphenyl)naphthalen-2-yl)phosphonate (17af)
The reaction was conducted according to general procedure using 15a (37 mg) and 16f (30 mg). Flash column chromatography with hexane−EtOAc (7:3) afforded 17af as a pale yellow oil. IR (neat, cm −1 ) 2976, 1739, 1456, 1373, 1241, 1176, 1141, 1107, 1006, 980, 913, 891, 824, 770, 749 137.61, 137.58, 134.83, 134.81, 133.0, 132.8, 130.8, 128.2, 128.1, 127.96, 127.87, 127.6, 127.5, 127.1, 126.9, 126.4, 125.5, 124.6, 70.47, 70.42, 70.2, 70.1, 26.0, 24.03, 24.00, 23.97, 23.9, 23.82, 23.78, 23.53, 23.50, 13.9 (observed complexity due to C-P couplings); 
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DFT calculation methods and data
All calculations were carried out with the D.01 revision of the Gaussian 09 program package. 8, 9 The three dimensional structures presented in Figure S1 and S2 were visualized utilizing CYLview. 
12-1. Computational methods for (π-ally)palladium intermediates with (M)-L1
The geometries of all intermediates (IM-endo and -exo) were optimized at the DFT level by using the B3PW91. The standard 6-31G* basis set has been applied for atoms except Pd, which has been described by the LANL2DZ basis set.
11
Frequencies were analytically computed at the same level of theory to give gas-phase free energies and to confirm whether the structures are minima (no imaginary frequencies) or transition states (only one imaginary frequency). The
Gibbs free energies were in all cases computed by adding to the single-point energies both zero-point vibrational energies
and thermal corrections (298 K, 1 atm).
12-2. Computational methods for transitions states (TSs) for the reductive elimination steps
The geometries of all transition states were optimized at the DFT level by using the dispersion-corrected functional B97-D. The standard 6-31G* basis set has been applied for atoms except Pd, which has been described by the LANL2DZ basis set. Frequencies were analytically computed at the same level of theory to give gas-phase free energies and to confirm whether the structures are minima (no imaginary frequencies) or transition states (only one imaginary frequency).
All transition state structures were confirmed to connect the proposed reactants and products by intrinsic reaction coordinate (IRC) calculations. 12 The Gibbs free energies were in all cases computed by adding to the single-point 
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13. Figure S3 . X-ray structure of L1 Figure S4 . X-ray structure of L2 13 The helical pitch P h [Å] , obtained by total least-squares method with the program HELFIT. Hence, pitch lengths calculated by using the inner carbon atoms (C14, C14a, C14b, C14c, C14d, and C1), see: P. Enkhbayar, S. Damdinsuren, M. Osaki, N. Matsushima, Comput. Biol. Chem. 2008, 32, 307. 
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Isolation and X-ray structure of Pd(dba)[L1] 10
A solution of L1 (2.2 mg, 0.005 mmol) and Pd 2 (dba) 3 •CHCl 3 (2.0 mg, 0.002 mmol, [Pd] :L1 = 1:1) in THF was stirred for 1h at 50 ºC under an argon atmosphere. After cooling to room temperature, the solvent was removed under reduced pressure. The residue was purified by flash column chromatography on silica gel eluting with hexane−EtOAc (1:1), followed by recrystallized from acetone to afford complex 10 as a red X-ray quality single crystals ( Figure S5 ). 
